Mature roots of sugar beets, which accumulate large amounts of sucrose but not starch, nevertheless contained acid and neutral amylases, judging from their pH optima, as well as pullulanse. Acid and neutral amylases were partially purified by procedures including fractionation with ammonium sulfate, ion exchange column chromatography, and gel filtration. Acid amylase was classified as an exoamylase, since it produced only glucose from soluble starch, amylopectin. 6-limit dextrin, and rabbit liver glycogen. Neutral amylase was classified as an endoamylase, since it liberated maltose as the main product plus a small amount of glucose and oligosaccharides, and was capable of hydrolyzing a-limit dextrin. Pullulanase was purified to apparent homogeneity by procedures including fractionation with ammonium sulfate, Diethylaminoethyl-cellulose column chromatography and affinity chromatography. Pulluanas was capable of hydrolyzing soluble starch, amylopectin, t-limit-dextrin, and pullulan. Debranching of amylopectin was further evident by an increase in extinction coefficient, and by a shift of X.. from 530 to 560 nn when the debranched amylopectin formed a complex with IrKI.
Amylolytic enzymes (endo-and exoamylase, and debranching enzyme) have been extensively studied in connection with starch metabolism in tissues such as cereal seeds (5, 7, 13, 16, 17, 20) , potato tubers (6) , and leaves (10, 14) which store large amounts of starch. But as far as we know, in plant tissues which store sucrose or inulin as reserve carbohydrates, amylolytic enzymes have been scarcely studied with respect to their presence and characterization. In this paper, we find that two amylases with acidic and neutral pH optima, and pullulanase are present in mature roots of sugar beet which store large amounts of sucrose, but not starch. We also describe their separation and characterization.
MATERIALS AND METHODS
Plant Material. Sugar beets (Beta vulgaris L.) were harvested at the Experimental Farm at Obihiro University.
Enzyme Preparation. Preparation of amylase and pullulanase was carried out in the presence offl-mercaptoethanol. All enzyme activities tested were markedly decreased if f3-mercaptoethanol was absent during their purification.
Mature roots (1.2 kg fresh weight) were homogenized with three volumes of 10 mm sodium phosphate buffer (pH 7.8) containing 2% sodium isoascorbate in a blender. The homogenate was squeezed through a layer of cotton gauze, treated with solid (NH4)2SO4, and centrifuged at 12,000g for 20 min. The fraction which precipitated between 20 and 80% saturation was University ofAgriculture and Veterinary Medicine, dissolved in a small volume of 5 mm sodium phosphate buffer (pH 7.4) containing 5 mM ,B-mercaptoethanol, and dialyzed overnight against the same buffer.
DEAE-Cellulose Column Chromatography. After centrifugation of the dialyzed solution to remove insoluble material, the supernatant was applied to a DEAE-cellulose column (2.4 x 45 cm), previously equilibrated with 5 mm phosphate buffer (pH 7.4) containing 5 mm (3-mercaptoethanol. The column was washed with the same buffer to remove unadsorbed protein and then eluted with a linear gradient 0 to 0.5 M NaCl in 500 ml of the buffer. Acid and neutral amylases eluted separately in the unadsorbed and adsorbed fractions, respectively, and were well separated from pullulanase (see Fig. 1 ).
CM-Cellulose' Column Chromatography of Acid Amylase. The active fractions of acid amylase were pooled and dialyzed against 5 mm acetate buffer (pH 5.6) containing 5 mM ,3-mercaptoethanol. The dialyzed solution was applied to a CM-cellulose column (2 x 30 cm), washed with the same buffer to remove the unadsorbed protein, and then eluted with a linear gradient from 0 to 1.0 M NaCl in 500 ml of buffer.
Bio-Gel P-150 Gel Filtration of Acid and Neutral Amylases. The active fractions ofacid and neutral amylase were pooled and concentrated separately to 10 ml in a collodion-bag (less than mol wt 12,400 cut-off, Sartorius) and dialyzed against 50 mm phosphate buffer (pH 7.4) containing 5 mM ,B-mercaptoethanol. Each of the dialyzed protein solutions were then applied to a Bio-Gel P-150 column (2.5 x 95 cm), previously equilibrated with the same buffer. Acid amylase resolved as a single activity peak, whereas, neutral amylases resolved in two separate fractions.
Affinity Chromatography of Pullulanase. The active fractions of pullulanase which was well separated from two amylases with DEAE-cellulose column chromatography, were pooled and dialyzed against 50 mm acetate buffer (pH 6.0) containing 5 Gel Filtration of Hydrolysis Products of Amylopectin by Pullulanase. The reaction mixture (1.9 ml) at intervals used in iodine-staining test described above was applied to an Ultrogel AcA-44 column (1.5 x 40 cm) and eluted with 50 mm phosphate buffer (pH 7.4). Sugar content was expressed by optical density (490 nm) by the phenolsulfuric acid method of Dubois et al. (4) .
Paper Chromatography. Identification of products from various glucans by enzymes was performed by paper chromatography, using a solvent system of 1-butanol:pyridine:water (6:4:3). Reducing sugars were visualized using the method of Trevelyan et al. (18) .
Molecular Weight Determination. The mol wt of the enzyme was determined by gel filtration on a Bio-Gel P-150 column (2.5 x 95 cm), previously equilibrated with 50 mm phosphate buffer (pH 7.4). The markers used were y-globulin, BSA, ovalbumin, chymotrypsinogen, and Cyt c.
Protein Determination. Protein concentration was determined by the method of Lowry et al. (9) , using BSA as a standard.
Preparation of t%Cyclodextrin-Coupled Sepharose 6B. The gel for affinity chromatography was prepared according to the method of Matsumoto et al. (11) ; a suspension prepared by adding, in turn, 30 ml of deionized water, 13 ml of 2 M NaOH, and 3 ml of epichlorohydrin to 20 g of Sepharose 6B was treated at 40C for 2 h with shaking. The activated Sepharose 6B (2 g) was washed with deionized water and suspended in 8 ml of 0.1 M NaOH containing 620 mg of,B-cyclodextrin and treated at 40C for 24 h. The ,3-cyclodextrin-coupled Sepharose 6B that was prepared was thoroughly washed with deionized water and then PBS.
Disc Electrophoresis. Disc electrophoresis was performed by the method of Davis (3) using a 7% polyacrylamide gel (pH 8.9). Resolved proteins were visualized with brilliant blue G-250.
RESULTS AND DISCUSSION
Purification of Amylolytic Enzymes. Table I gives a summary of the purification procedure of acid and neutral amylases, and pullulanase. Acid amylase was increased 1.4-fold in its activity by fractionation with (NH4)2SO4, suggesting the removal ofsome inhibitory factor in the crude extract. Figure 1 shows that three enzymes were well separated with DEAE-cellulose chromatography. Neutral amylase activity eluted as a peak with shoulder, indicating that it might be present in multiple form. Actually, it was divided into two active fractions with apparent mol wt of 130,000 (neutral amylase I) and 45,000 (neutral amylase II) by Bio-Gel P-150 filtration. Since both enzymes had identical properties (see below), the larger enzyme is probably an aggregated form of the smaller one. Neutral and acid amylases exhibited different chromatographic behavior; the former adsorbed to DEAE-cellulose, but the latter to CM-cellulose, suggesting that both enzyme proteins might have very different charges.
Acid amylase was purified to a 176-fold from mature roots, and neutral amylase I and II, 22-and 2.6-fold, respectively. These amylases were still heterogeneous protein on disc gel electophoresis. Pullulanase was highly purified to about 3000-fold by applying ,3-cyclodextrin affinity chromatography and is homogeneous protein on disc gel electrophoresis (Fig. 2) .
Properties of Acid and Neutral Amylases. Identification of Acid and Neutral Amylases, and Pullulanase. We attempted first the classification of acid and neutral amylases. Figure 3 shows time course of the action of acid amylase on various glucans. The enzyme hydrolyzed rapidly amylose (DP about 16), and gradually soluble starch or amylopectin, but only slightly rabbit liver glycogen and ,-limit dextrin. End product analysis by paper chromatography showed that glucose is sole product from the glucans tested (Fig. 4) as well as from oligosaccharides such as maltose, maltotriose, and maltopentaose (data not shown). Furthermore, the enzyme produces only glucose from soluble starch throughout the course ofthe reaction (Fig. 5) . From these results, the acid amylase could be identified as glucoamylase. The presence of glucoamylase which was capable of producing glucose from soluble starch was found in sugar beet seeds by Chiba et al. (2) and Yamazaki and Suzuki (21) (they classified this enzyme as a-glucosidase since it was capable of hydrolyzing maltose in the same degree with soluble starch).
Neutral amylase consisted of two types (I and II) which were separable by gel filtration. Neutral amylase II which possessed higher activity was used here. The enzyme hydrolyzed amylose rapidly, but amylopectin, soluble starch, (3-limit dextrin, and rabbit liver glycogen only gradually (Fig. 4) . Furthermore, product analysis by paper chromatography showed that the enzyme liberated maltose as the main product and small amounts of glucose and oligosaccharides (Fig. 5) . Neutral amylase I also had identical specificity with neutral amylase II. From the results of end product analysis and ,8-limit dextrin hydrolysis, the neutral amylase was indicated to be a-amylase. Thus acid and neutral amylases could be designated glucoamylase and a-amylase, respectively. Plant tissues generally contain starch hydrolyzing enzyme, such as a-amylase as endotype, fl-amylase as exotype, and debranching enzyme, but glucoamylase is rarely found in plant tissues except for sugar beet seeds (2, 21). Accordingly some properties of mature root glucoamylase were compared with those of seed glucoamylase as described below.
Optimum pH and Temperature. The effect of pH on activity was determined in the range of pH 2.2 to 8.0 (McIlvaine buffer). Glucoamylase and a-amylase had a pH optimum of 4.4 and 6.8, respectively (Fig. 6) , and temperature optima of 70 and 35C, respectively. Their thermostability for 30 min preincubation was below 65 and 35°C, respectively. Thus glucoamylase was much more stable to heating than was a-amylase. Compared with seed glucoamylase (optimum pH of 4.2-4.7, and optimum temperature, 70C), mature root glucoamylase had similar properties with regard to optimum pH and temperature.
Molecular Weight. Gel filtration showed that the mol wt of glucoamylase and a-amylase I and II was 65,000, 130,000 and 45,000, respectively. Mature root glucoamylase differed in mol wt from seed glucoamylase (mol wt of 91,000).
Km Value. Km values ofglucoamylase and a-amylase for soluble starch were 7.5 and 16.5 mg/ml, respectively. Mature root glucoamylase had less affinity for soluble starch than that in seeds (Km value, 1.9 mg/ml).
Effect ofCompounds. a-Amylase is generally characterized by a strict dependence on Ca2" for its activity, but a-amylase of mature roots of sugar beet was insensitive to Ca2" and EDTA.
This result is in agreement with that of spinach leaf a-amylase (14).
Properties of Pullulanase. Substrate Specificity ofPullulanase. Relative reaction rates of pullulanase on various glucans was examined. When pullulanase was incubated with 10 mg/ml glucan for 30 min, the ratio of turnover rate of pullulan to #-limit dextrin, amylopectin, and soluble starch were 100:43:32:21, respectively. Analysis by paper chromatography showed the production of maltotriose from pullulan (data not shown). An increase in optical density ofthe 12-KI glucan complex is observed during debranching of amylopectin catalyzed by the enzyme. Over 24 h, the extinction coefficient increased about 85% and X. shifted from 530 to 560 nm (data not shown). Furthermore, gel filtration of reaction products from amylopectin showed that a low mol wt glucan corresponding to amylose which eluted later than the void volume appeared at 2 h reaction and was steadily increased as enzyme reaction proceeded. But over 24 h, amylopectin in the void volume still remained about 50%, indicating that debranching enzyme was completely not capable of converting amylopectin to amylose (data not shown). Thus pullulanase was identified as debranching enzyme which was actually capable of hydrolyzing branch site of amylopectin.
Optimum pH and Temperature. The debranching enzyme had an optimum pH of 5.6. The optimum pH of debranching enzymes from both germinating rice endosperm (7) and spinach leaf (10) was 5.5. The optimum temperature of debranching enzyme was 40C and its thermostability for 30 min preincubation was below 35C. Molecular Weight. Gel filtration showed that the mol wt of debranching enzyme of mature roots was 67,000. Mol wt of debranching enzyme of germinating rice endosperm (7) and spinach leaf (10) was estimated to be 58,000 and 110,000, respectively.
Km Value. The Km of debranching enzyme for pullulan and amylopectin were 0.31 and 4.55 mg/ml, respectively. The enzyme in spinach leaves had Km values of 0.78 mg/ml and 7 mg/ ml for pullulan and amylopectin, respectively.
Effect of Compounds. The enzyme was completely inhibited by fl-cyclodextrin above 10 mm in agreement with debranching enzyme of spinach leaves (10) and germinating rice seeds (7) . Glucoamylase and a-amylase had pH optima at 4.4 and 6.8, respectively. Acid hydrolase is known to be partially localized in vacuoles of higher plant cells (1, 12) . Leigh et al. (8) 
